A system providing disabled persons with control of various assistive devices with the tongue has been developed at Aalborg University in Denmark. The system requires an activation unit attached to the tongue with a small piercing. The aim of this study was to establish and evaluate a safe and tolerable procedure for medical tongue piercing and to evaluate the expected and perceived procedural discomfort. Methods: Four tetraplegic subjects volunteered for the study. A surgical protocol for a safe insertion of a tongue barbell piercing was presented using sterilized instruments and piercing parts. Moreover, post-procedural observations of participant complications such as bleeding, edema, and infection were recorded. Finally, procedural discomforts were monitored by VAS scores of pain, changes in taste and speech as well as problems related to hitting the teeth.
Background
Current assistive devices for tetraplegics offer text input and control of a pointing device at different levels depending on the principles employed for their activation [1] . Further, they include different trade-offs related to user preferences such as unconstrained movements and aesthetic factors. Sip-n-puff systems provide a good proportional control (i.e., both speed and direction in real time) of a pointing device. This also applies to a chin joystick as well as a head control system. However, an onscreen keyboard is required to input text. Furthermore, face muscles have been used in systems generating on-off switch commands. However, users of these systems often report induced muscle fatigue and pain as main drawbacks. Speech recognition systems provide a remarkable text input and assure a minimal constraint for the user [2, 3] , but correction of false commands still needs to be addressed in the further development of these systems. Moreover, eye control systems provide a good proportional control of pointing devices, but limitations occur in low or changing light [4, 5] . Brain computer interfaces have received increasing interest for control of assistive devices [6] , though technical challenges still remain regarding the practical implementation in daily life due to a rather low detection rate of user intentions. Practically invisible when used, intraoral tongue controlled systems have been developed using switch arrays, pressure, resistive, capacitive, magnetic or optical sensors embedded in a palatal brace [7] [8] [9] [10] [11] . Nevertheless, the extraordinary flexibility of the tongue has not been fully exploited for providing both direct text input and proportional control of a pointing device.
A new tongue control system has been developed at Aalborg University in Denmark. This assistive device gives individuals with severe sensory-motor impairment and lost function of the limbs a possibility to directly type text or to proportionally control a pointing device in order to control, e.g., electrical wheelchairs or personal computers with the tip of the tongue [12] [13] [14] [15] [16] [17] [18] [19] . This system consists of a dental brace in the upper jaw encapsulating two pads of inductive sensors, a rechargeable battery and electronics. The inductive sensors are activated by changing their inductance using an activation unit consisting of a small cylindrical piece of soft ferromagnetic metal. This activation unit is attached to the tongue as the upper ball of a piercing (Figure 1) , and it activates a given sensor in the sensor pad whenever it is positioned by the tongue at a specific sensor.
The induced activation signals are further processed and interpreted by the embedded electronics and sent wirelessly to an external unit to control the respective disability aids. A combination of induced signals from adjacent sensors makes it possible to continuously detect the position of the activation unit when gliding along the pad surface. Extended functionality has been obtained with both sensor pads when typing text (e.g., implementation of backspace, enter or arrows, besides a full alphabet keyboard similar to that of a mobile phone) in the so-called "text mode", or when controlling the pointing device (e.g., right and left click and scrolling, besides a multidirectional and variable speed joystick) in the so-called "mouse mode". A visual feedback continuously assists the user by showing the position of the activation unit when using the system which greatly improves the sensor activation and reduces the false activation rate.
The text input results of our system at rates between 1.68 and 2.94 correct words per minute (cwpm) have been obtained by subjects with tetraplegia after just three days of training [15] . These results may be much improved with longer training periods providing a better knowledge of the system and thereby improved user [12] with permission, © 2006 IEEE): (A) Placement of sensors (c), dental brace (b) and activation unit (a), (B) Activation unit attached to the tongue as the upper ball of a piercing, (C) Principle of activation for inductive sensors; perturbation of the magnetic field of the sensor by the activation unit induces an activation signal back into the sensor, and (D) The upper jaw dental brace placed on a plaster model. reaction time. Healthy subjects already accustomed to a cosmetic piercing of the tongue have been able to control the system from the first day in a surprising manner. Furthermore, in a study using a previous version of the system, induced cortical plasticity has been shown after a short period of training suggesting that the ability to perform specific tongue movements may be improved [16] . Alternative interfaces allow text input at rates of 12.1 cwpm for head control systems, 9.36 for eye control, 8 for mouse stick and 4 for tongue keypad systems. A speech recognition technique promises up to 120 wpm and a brain computer interface 12 cwpm [1] . Thus, the overall functionality of our tongue control system has shown promising results.
Furthermore, subjects have evaluated the tongue control system as easy to use and wear, and cosmetically acceptable. The subjects scored the system between 1 and 3 on a scale from 1 to 10 (1 = no discomfort and 10 = highest discomfort) for typing and pointing tasks as well as when talking or drinking with the mouthpiece [15] .
The tongue piercing plays a vital role as the activation unit of the tongue control system. The word piercing is commonly used in connection with cosmetic body piercings involving the piercing of the human skin or mucosa and preparation of a duct in the underlying tissue with a sharp instrument followed by the insertion of a metal or composite ring or stud. Oral piercings mainly consist of two types: 1) a barbell consisting of a rod with a removable ball in each end or, 2) a labret consisting of a rod with a fixed disc at one end and a removable ball at the other end. The procedure of a cosmetic piercing insertion is usually not associated with medical procedures, and piercings are most often performed under unregulated circumstances in, e.g., tattoo shops and private homes, and there have been several reports about side effects like bleeding, swelling, infection, tooth fracture and abrasion [20] [21] [22] . The literature is sparse on information about piercing equipment, procedures and the magnitude of the discomfort of the procedure as well as during the healing period.
Since subjects eligible for tongue control systems are mostly tetraplegics, who are susceptible individuals with comorbidity such as decreased respiratory capacity and airway reflexes, the tongue piercing may pose an additional risk, thus demanding a safe and tolerable procedure. This paper describes a clinical technique developed for the insertion of a titanium barbell into the tongue including its safety precautions and complications. In addition, the discomfort perceived by the subjects during the procedure and the healing period was also evaluated.
Methods and materials

Volunteers
The study was aimed at subjects suffering from tetraplegia with various clinical backgrounds such as muscle dystrophy, cerebral palsy or spinal cord injury. The subjects were to have a good control of their tongue as well as normal cognitive skills and a high motivation for the study. Exclusion criteria were pregnancy, heart disease or other medical problems assessed to contraindicate the surgical procedure as well as a subsequent period of tests of the tongue control system. Patients with cognitive impairments as well as dental problems that could interfere with the study were also excluded.
Four tetraplegic subjects volunteered for this study. Two of these subjects suffered from previous traumatic injury of the spinal cord, one subject suffered from medullar compression due to a benign medullar glioma, and one subject suffered from childhood meningitis affecting the medulla. All four subjects were paralyzed from the neck, but exerted full normal control of the tongue with unaltered speech and normal cognitive skills. All subjects were able to use alternative assistant devices. The participation of the volunteers included the piercing procedure as well as the course of subsequent experiments with regard to learning its usage in the tongue control system. Information about participation was given both in writing and by oral explanation, and informed written consent including the publication of the individual study results was obtained from all subjects. The study was approved by The North Denmark Region Committee on Health Research Ethics (N2009-0013).
The overall study period comprised the initial period related to the insertion procedure of the piercing including a four week healing period and subsequently a four month experimental period where a series of performance tests were completed. Data related to these tests have been presented elsewhere [15] . Prior to the study period an oral examination was performed to obtain the dental status of each participant. Similarly, a second oral examination was performed at the end of the study period.
The piercing and the surgical kit
The current study chose a barbell piercing consisting of two metal balls and a rod ("nuts" and "bolt"). The parts were made from a medical grade Titanium alloy containing 6% Aluminum and 4% Vanadium (Ti6Al4V), which is a common and biocompatible alloy for dental implants [23] . The rod had a diameter of 1.6 mm, the lengths varied between 16 and 22 mm, and the diameter of the balls was 6.0 mm (Figure 2 items D). The piercing rods and balls were delivered from Star Piercing Company in Sweden together with documentation of the metal composition.
A surgical instrument kit was composed including two needle holders to fixate the piercing rod and fasten the metal balls. The holders were slightly modified forming a small bowl-shaped depression in their branches for an enhanced grip of the round surface of the balls (Figure 2 items A). Further, the kit included a set of tongue holding forceps (Foerster Ballinger forceps) as a mean of fixating the tongue. In order to reduce the pressure on the tongue, its branches were slightly adjusted making a 5 mm free space available when the forceps were closed (Figure 2 item B). Moreover, a pair of scissors was included ( Figure 2 item C). All parts were cleaned in an ultrasonic bath, packed in sterilization pouches, and autoclaved in a dental vacuum autoclave. Finally, a sterile single use BD Venflon™ Pro IV Canula 14 Gauge (= 2.0 mm) was used to pierce the tongue (Becton Dickinson Infusion Therapy AB, Sweden) ( Figure 2 item E).
The surgical procedure
The participants were admitted for the insertion of the piercing and for 24 hours of observation at the Department of Otolaryngology, Head & Neck Surgery, Aalborg University Hospital, to ensure that the procedure was performed under professional conditions by trained health professionals (BB and MG) and to monitor any early adverse effects or complications.
The participants were introduced to the surgical procedure prior to the actual insertion of the piercing, and local anesthesia of the tongue was offered by means of a bilateral blockage of the n. lingualis by injection of Xylocaine 2%.
In order to create the best possible function of the activation unit, the entry point of piercing of the tongue was placed as near to the tip of the tongue as possible. However, an insertion too close to the tip would enhance the risk of drifting of the rod towards the periphery of the tongue and ultimately rejection of the piercing. The compromise was an insertion at around 20 mm from the tip of the tongue. Since the tongue is highly vascularized and contains large veins, especially in its inferior surface, bleeding was a considerable risk. Consequently, these veins should be observed and avoided during the penetration of the tissue (Figure 3) .
At the insertion of the piercing, the tip of the tongue was held firmly with the tongue holder and a piece of cloth. Thus, a midline translingual canal could be prepared by penetrating the tongue with the canula of the venflon ( Figure 4A ). The canula was surrounded by a thin plastic tube. After the withdrawal of the canula and cutting off the valve section, a 30-40 mm piece of this plastic tube was left inside the tongue tissue ( Figure 4B ). This plastic tube subsequently served as a guide canal to insert the piercing rod, and the rod with the ball attached at one end was easily introduced through the plastic tube ( Figure 4C ). Finally, the plastic tube was removed and the second ball was screwed onto the rod and tightened by the needle holder ( Figure 4D) .
It was expected that the tongue would swell during the first days due to a reactive edema related to the tissue trauma of the procedure. Therefore, a longer piercing rod (approx. 20 mm) was used initially and during the healing period allowing for both swelling and free movement of the tongue muscles ( Figure 4E,F) . Finally, the subjects were instructed to rinse the tongue by means of a 0.1% chlorhexidine solution three times a day during the first week and an analgesic consisting of a 400 mg Ibuprofen tablet was prescribed 3 times during the first 24 hours.
Evaluation of discomfort
The discomfort perceived by the participants was evaluated by a 100 mm Visual Analog Scale (VAS) having a linear score between 0 for no pain and 10 for the most intense pain imaginable. The participants ticked on the horizontal line equal to their perception [24] [25] [26] . The primary concern of the participants was pain, and thus, before the actual surgical procedure the participants were given a questionnaire regarding their expected perception of pain. In addition, the rating was performed immediately after the surgery and again two hours later. No data were collected regarding the perception of discomfort from local anesthetics since all participants declined this option.
Further evaluation of pain was recorded during the following ten days including additional factors of discomfort such as changes in sense of taste and speech, as The metal rod is guided through the tissue by means of the plastic tube; (D) The balls are tigthened onto the rod of the piercing by a needle holder while holding the tongue with the forceps; (E) Relaxed tongue muscles immidiately after the insertion, where the piercing is loosely attachted to the tongue; and (F) Contraction of the tongue muscles causes the piercing to become more firmly embedded (written consent for publication of these photos was obtained from the participant).
well as the "degree of tangling with the teeth". The participants scaled these modalities of discomfort once daily. Moreover, they were encouraged to note any additional complaints as well as other relevant events during the course of the piercing.
Results
All participants declined the option of local anesthesia of the tongue since the discomfort of bilateral injections was considered larger than of the piercing itself. The insertion of the piercing was successfully performed in all four subjects as the procedure was simple and fast, and in each case completed in less than five minutes. The venflon system provided an excellent tool to both form the tissue canal and supplying a guiding tube for the titanium rod. No cases of bleeding or other acute complications were encountered. Swelling of the tongue was found in one subject only on the day after surgery where the tongue generally gained 5 mm in thickness for about 24 hours. The swelling was so moderate that the speech was unaffected and there was no embedding of the balls. Moreover, no cases of infection or injuries to the gingival mucosa were found.
During surgery no problems were encountered as to assemble the piercing rod and balls. However, during the healing period there was a tendency towards loosening of the balls, and in three cases a ball was lost at various points during the healing period. In one case the ball dropped out of the mouth several weeks later. This particular ball is thought to have been lodged in the piriform sinus.
The pain experienced during the piercing procedure was in three cases lower and in one case higher than the expected pain. In all cases, the pain was lower after 2 hours than expected before the piercing procedure ( Figure 5 ).
The individual results from the four participants during the healing period have been displayed in Figures 6,   7 , 8, and 9. In general, the results showed that after the 5 th day the problems with pain, sense of taste and speech had almost disappeared. Further, the problems with hitting the teeth with the balls had also diminished. However, in one case with higher complaints of hitting the teeth, the piercing had to be changed at day 5, which resulted in increased pain level during the next two days ( Figure 6 ); in another case the same complaints remained at a relatively high level during the 10 day period (Figure 9 ). There were no additional complaints reported by the participants during the course of the piercing.
Discussion
A medical tongue piercing technique has not previously been described or evaluated in the literature. This paper describes a new technique which is fast, safe and tolerable to the participants. Thus, the discomfort perceived during the procedure was of milder nature and comparable with pain from injections, and very few minor complications were recorded which is in contrast to the literature where oral piercings are often connected with discomfort and complications [20, [26] [27] [28] [29] [30] [31] [32] [33] [34] .
The surgical procedure and the surgical kit
The tools of the surgical kit including their modifications proved efficient for the purpose. Further, the usage of the venflon system served as an excellent utensil for the insertion of the piercing rod. Altogether this provided a rapid procedure which was completed in a few minutes. Thus, limited mechanical manipulation of the tongue was needed which is likely to have reduced any post-procedural formation of reactive swelling or edema.
Determination of rod size and its placement
In all 4 subjects a rod length of 20 mm was eventually chosen which gave a leeway allowing some post-procedural swelling. At the insertion of the piercing rod, 8-10 mm of extra length compared to the thickness of the tongue was chosen. This resulted in a rod length of 20 mm allowing free movements of the tongue despite any post-procedural swelling. Similarly, a total length of 20 mm has been suggested by Vieira et al. [20] . This length in combination with 6 mm balls may also explain why no problems were encountered with embedded balls which have been reported in the literature [32] . However, in two cases replacement with shorter rods was needed: One case already on day five where significant tangling with the teeth was encountered ( Figure 6) , and in the other case with minor tangling, replacement was performed at the end of the healing period ( Figure 9 ). In both cases the tangling problems disappeared reducing the risks of any injuries to the teeth [35] .
The piercings were all inserted in the midline approximately 20 mm from the tip of the tongue. This compromise between the ability to perform a good control of the system without drifting of the rod turned out to be a successful choice. In all cases the subjects had sufficient control of the anterior contacts of the palate dental brace [12, 15] , and further, no cases of drifting were encountered.
Local anesthesia, pain, and analgesics
No results regarding the use of local anesthesia were available and, therefore, the question of its effects as well as the procedural pain perceived during the insertion of the piercing was not addressed. It may be relevant that participants are given the option of an injection of local anesthesia because pain and anxiety control has previously been argued for in piercing situations where the participants have, for instance, heart conditions [20] . However, the mean procedural pain in this study was comparable with injections [27] , ultrasonic cleaning of teeth [28] , orthodontic separation of teeth [29] , and preparation for small dental cavities [30] , whereas it is far below the pain perceived after removal of a third molar [31] . For comparison, these situations are illustrated in Figure 10 . Thus, based on these findings it can be documented that the piercing procedure described here caused pain in line with standard orthodontic procedures and injections. Therefore, it may be recommended to future participants that local anesthesia is not needed because its usage will not counterbalance its advantages. Moreover, future participants can be informed that any pain or discomforts will disappear more or less in four to six days, which has also been reported by another study [32] . The analgesics prescribed included only the first 24-hour period, and no additional prescriptions were requested. Thus the pain had significantly decreased and become tolerable during this period.
Early complications and biocompatibility
Early complications were basically not seen in this series of piercings except a minor swelling in one subject. Bleeding was avoided by identifying the larger veins on the inferior side of the tongue; in oral piercings bleeding is a common problem and varies between 9 and 69% of the cases [20, 21, 32] . Moreover, no cases of infection, formation of reactive tissue, and allergic reaction were observed which can be explained by an almost non-traumatic and fast procedure applied with sterile instruments and piercing components as well as use of biocompatible material for these components. Finally, chlorhexidine was used during the healing period to maintain a clean environment in the mouth.
Overall complications in tongue piercings have been reported to be 53% in a group of British young people aged 16-24 years with the piercings being undertaken by non-medical personnel. In this study 26% subsequently had to seek professional help and 1% was hospitalized. Lack of hygienic measures may probably explain the majority of these cases [35] , but also the lack of anatomical knowledge may contribute [20] .
In this study the subjects were kept for observation for 24 hours at the hospital, thus offering professional assistance in cases of serious bleeding or swelling. However, the courses of the subjects were essentially uneventful. Thus, it can be concluded that future insertions of medical piercings may be performed in an out-patient setting.
After the overall study period a second oral examination was performed where no enamel cracks, fractures or gingival recessions were observed. Such late complications are recorded in significant numbers of cases where piercings have been used for a period of around four years [22] . Thus, the participants in this study may also have been exposed to such risks if the use of the piercings had been continued. Everyday use is expected for this product and will require regular adjustment of the piercing length to avoid hitting of the teeth, since too long piercing rods may result in dental cracks and gingival recessions [19] . Regular oral dental examinations should be recommended in order to monitor dental or mucosal injuries which must be expected as minor injuries to enamel and gingiva which have been reported in up to 80% of the cases [33] .
The oral piercing needs to be cleaned on a regular basis [22] depending on an individual demand, and the participants would rely on the help of their personal assistants as for any other personal hygiene. This cleaning may be performed by an ordinary toothbrush without removal of the piercing. However, the piercing may easily be removed for further cleaning by the assistants, if needed. Altogether, cleaning of the piercing could be considered a minor problem.
Overall safety and long-term complications
Safety has been a major concern for this group of susceptible subjects, and the participants were encouraged to note any events or complications during the study period. However, in addition to the early complications discussed above, no significant long-term complications were recorded. Especially, no cases of aspiration or swallowing of the balls were encountered. In the event of aspiration or swallowing of parts of the piercing, these parts could easily be detected by a conventional radiological examination. Whereas the swallowing of piercing parts should not result in further precautions, the aspiration should be followed by endoscopic examination of the lungs and removal of the foreign body to prevent later complications such as pneumonia and atelectasis of the lungs. Serious obstruction of the airways was not possible due to the small sizes of the piercing parts.
During the period of the study, all subjects reported loss of their balls at various times. In three cases the balls were recovered again more or less immediately, whereas in one case a ball was lost and not recovered immediately. In this case the ball was recovered several weeks later from the subject's throat related to a coughing episode while the subject was lying face down in her bed. The only obvious explanation seemed to be that the ball had been maintained during this period at the piriform sinus. This may be possible if the dimensions of the ball fit exactly to this pharyngeal pouch and because Figure 10 The mean perceived pain from tongue piercings in the current study compared with various other known oral pain stimuli.
this area has a lower sensitivity than the major part of the throat. The episode must be considered quite accidental although it poses a potential risk of aspiration. Consequently, dental glue (LOCTITE® M-121HP™) was introduced at the mounting of the balls in order to secure them further from loosening. After this additional measure no balls were lost. Moreover, the participants were provided with packages of extra balls which could be mounted by their personal assistants or family members.
Conclusions
The study was limited by a smaller sample of participants which was explained by limitations in the recruitment. The condition of tetraplegia itself is seldom, and, moreover, normal tongue function as well as normal cognitive skills were demanded. Further, these subjects may have impaired motivation due to restricted personal resources, and participation in the overall study including a three month testing program may have seemed too demanding.
The insertion procedure of the medical tongue piercings in the tetraplegic subjects was simple, fast and tolerable. This resulted in minor trauma of the tongue tissue developing only minor edema in one of four subjects. Thus, the procedure can be considered safe. This means that the procedure may be performed on an out-patient basis without 24-hours hospital observation. The pain at the insertion of the piercing was mild and comparable with pain in connection with an ordinary injection. No significant early or long-term complications were encountered including dental or mucosal injuries during the three month period. The loosening of balls can be prevented by the application of dental glue. However, extra balls should be provided for replacements.
